The potential effect of manure management from livestock production on groundwater quality is an issue of concern. Groundwater sampling from a regional transect in southern Alberta, Canada, was conducted to determine changes in groundwater quality with time. The study area has extensive irrigation and a high density of confined feeding operations. Nitrate-N (NO 3 À -N) and chloride (Cl À )
INTRODUCTION
Groundwater contamination and associated water quality remains a concern worldwide for environmental and human health issues (Olson et 
; Lorenz et al. ).
Correlations between NO 3 À -N and Cl À concentrations suggest that concentrations in water may be potentially derived from the same source. Normally, when both parameters are increasing, it could be assumed that manure is a source. If Cl À increases but NO 3 À -N does not increase, manure could be a potential source assuming that attenuation (e.g., denitrification) is occurring or that equilibrium in the system has been reached for NO 3 À -N. 
METHODS

Study area
The study area was located near Picture Butte, Alberta, Canada, in the eastern portion of the Lethbridge Northern Irrigation District, referred to as the Battersea area ( Figure 1 ). The Battersea area has the highest density of livestock in Alberta and 82% of the land base is irrigated (Rodvang et al. ) . The study area has previously been described by Rodvang et al. (, ) . The stratigraphy of the Battersea area can be divided into two physiographic regions: (1) a bedrock high in the northwest and (2) a lacustrine basin in the southeast. The bedrock is overlain by glacial till, which in turn is overlain by fine-to coarsegrained glaciolacustrine deposits, which can consist of up to 15 m thick homogenous silty clay material at lower elevations (Rodvang et al. , ) . The study area is in the Mixedgrass Natural Subregion, and soils in the area are Orthic Dark Brown Chernozemic (Typic Haploboroll) soils. The fine-textured glaciolacustrine sediments are overlain by fine-and medium-textured lacustrine sand deposits along the western and northern portions of the study area, and by coarse-to fine-grained lacustrine and fluvial sand in the eastern portion of the study area. The coarse-grained surficial sand deposit increases in thickness towards the eastern portion of the study area, constituting an unconfined aquifer, which has been used as a water supply in the area since 1920 (Rodvang et al. ) .
The general climate at the study area is represented by The 23 wells were located at 12 sites (Figure 1 ), where at each site either a single water-table well was used or a watertable well plus one or three piezometers were used (Table 1 ).
The wells were arranged along a west-east transect, and the furthest west well (LB2-1) was approximately 17 km from the furthest east well (LB19-2).
The groundwater wells in the Battersea area were installed and categorized into three main geologic groups:
till and fine lacustrine, medium lacustrine, and shallow refers to all shallow coarse-textured lacustrine deposits, 'medium' refers to the medium-textured deposits, and 'fine' refers to the till and fine lacustrine deposits.
Twelve of the 23 wells were water- Land use on well property is summarized in Table 1 .
Livestock were only in CFOs, and the vast majority of the land was used for crop production. Up-gradient land use may also impact groundwater quality, and it has been included in Table 1 .
Groundwater sampling and analysis
A total of 583 groundwater samples, collected from the 23 wells, were used for statistical analysis. Groundwater 
Statistical analyses
Often it is difficult to assess the presence and significance of ).
The trend slopes were also expressed as a percent of the median concentration by dividing the slope by the median and multiplying by 100 (relative trend slopes). Trends were considered significant or not significant only when the dataset for a given well contained nine or more data points.
Sample values below the detection limits of the laboratory methods were given a value of one half of the method detection limit in all subsequent statistical analysis (Adams ).
The number of samples per well used in the analysis ranged from 8 to 50.
Increasing or decreasing trends from 1994 to 2014 were considered significant when P 0.05. Median values for each season were used (four seasons per year: Jan-Mar, Apr-Jun, Jul-Sep, Oct-Dec) for the statistical trend analyses to reduce potential serial autocorrelation. Thus, the influence of autocorrelation and also seasonality was minimal in the trend analyses.
Qualitative assessments were also performed to determine if there were associations between temporal trends in concentration (increasing, decreasing, or no trend) and (1) well concentration being above or below the anthropogenic (Table 2 ). The NO 3 À -N concentration was greater than the anthropogenic threshold of 3 mg L À1 in 64% of all the samples (n ¼ 374), and 83% of these (n ¼ 310) corresponded with coarse-textured deposits.
The median NO 3 À -N concentration was also greater than 3 mg L À1 in 12 wells ( Table 2 ). 
The concentration of Cl
Temporal changes in concentration
Of the 23 wells, statistical analysis showed that significant temporal trends were observed for concentrations in 10 of the wells for NO 3 À -N, in 10 of the wells for Cl À , and in six of the wells for both parameters. No significant trends were observed in 13 of the wells for NO 3 À -N (six piezometers and seven water- For wells with observed significant trends, Sen's slope values, which indicate trend direction and strength, for . For Cl À , Sen's slopes ranged from Relative trend slopes for each well ranged from À7.9 to 22.1% yr À1 for NO 3 À -N and from À10.3 to 22.1% yr À1 for Cl À (Table 2 ). LB22-2 had the greatest positive relative slope ) and LB6-6x had the most negative relative slope for Cl À (À22.1% yr
À1
).
Spatial distributions of the trends (relative slopes) were explored using ArcGIS 10.1 software (Figure 4 ). There were generally more intensive livestock operations and cropping in the central part of the study area, and more rangeland/grazing in the east, therefore most of the trends were expected.
Qualitative assessment showed no consistent relationship between temporal concentration trends and total well depth (Table 3) Of the 14 wells screened in coarse-textured deposits, four wells had no significant trend for NO 3 À -N and Cl À , seven wells had an increasing trend for NO 3 À -N, and six wells had an increasing trend for Cl À ( Table 2 ). All of the , respectively, suggest contamination by anthropogenic sources for slightly more than half of the wells. Decreasing trends were most observed at wells screened in fine-textured soils including well LB2-1, which had the highest mean concentration of NO 3 À -N (geologic origin) and Cl À .
SUMMARY AND CONCLUSIONS
By applying PCA, three factors were identified with the trends: well depth, land use up-gradient of the well property for nitrate, and texture for chloride.
The current study is consistent with previous findings suggesting that agricultural activities and the subsurface geology continued to influence groundwater quality in the study area. These findings indicated that shallow groundwater in coarse-textured soils are at a relatively higher risk to contamination, especially in locations where intensive activities occur. Our results may suggest that the effects of land-use practices and management in the study area appear to have a greater effect at the local scale as opposed to the entire region. Further study on the local controls and practices at individual locations, as well as potential cumulative effects, should be investigated.
